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Summary

A climatology atlas of the oxygen situation in theep water of thBaltic Sea from 1960 to
2011 has been created basedadravailabledata from ICES. Addional datecollected during
theBaltic International Acoustic Survey (BIASavebeen addetb the yea011 For the
autumn periodeach profile in the data set was examined for the occurrence of hyprygen
deficiency and amxia (total absence of oxygenhe depths of the onset of hypoxia and
anoxia were themterpolatedbetween sampling statisproducingtwo surface representing
the depth at which hypoxic and anoxic conditions are folihd.volume and area of pgxia
and anoxia hae been calculatednd theresultshavethen been transformed to maps and
diagrams to visualize the annual autumn oxygen situdtioimg the analysed period

From the analysed oxygen ddi@602011a distinct regime shift has besfentified in 1999
During the first regime1960to 1999 hypoxia affected large areasd volumes while anoxic
conditions affected only minateepareasAfter the regime shifin 1999boththe areal extent
and volume ohypoxia al anoxia are elevated to levels never recorded before.

The lottom areasf the Baltic Prope(including the Gulf of Finland and the Gulf of Riga)
affected by anoxic conditions have increased f88mbefore the regime shjfto 15% after,
i.e. by a factor 08. The extent ohypoxiahas increased from 22% t8%, i.e.by a factor of
~1.3.

Excluding the results from 2011, which are prelimindng, largest areal extent of anoxi&%
in theBaltic Propemwas recorded in 200&ndthe largesaffected water volumeé. 0%, was
recorded irR00L.

The cause and ecosystem effects of the new behaviour of the Baltla8eas been
recognizedafter the regime shiftyith continuously extreme oxygen conditioase still not
fully understoodHowever, here are several likely contributory and concurcentses to the
recent development such as changes in witttages in frequency awctiaracteristicef
inflows, increased loading of organic matter to the deep water, altered vertical mixing and
stratification,andchanged freshwater runoff

Historically, the oxygen development in ttleep water of thBaltic Sea has been investigated
in detail and most of the processes involved, both physical and chemaicalbeemescribed.
But thedevelopment during the 200Bsalaming and should be investigated thoroughhe
areal extent and volume of hypoxiave today probably reach#te maximalpossibleextent
due to the permanent difecation in the Baltic PropeiHowever theextent and volumef
anoxicconditions cantdll increase which further can enhandke eutrophicatiorof the Baltic
Sea dueo released phosphorus from sediments that previdzsigbeen oxygenated.



Sammanfattning

En klimatologisk atlas av syresituationen i Ostersjdjupvatterfran 1960 till 2011 har skapats
baserad pall tillganglig data fran ICESYtterligare data fran Baltic International Acoustic
Survey (BIAS)harinkluderatsseparafor 2011 Férekomsten alypoxi (syrebrisj ochanoxi
(helt syefria forhallandepunder hostperioden har undersokts i varje matprofil. Djupet da
hypoxi eller anoxforst patraffas en profil harinterpoleratsnellan provtagningsstationer och
kombinerats med en djupdatabashérakning awtbredning och volyn av hypoxska och
anoxiska forhallanderResultaten har éverforts till kartor och diagram for att visualisera
syresituationen i Ostersjédjupvatten.

Utifran analyserade data fran perioden 126Q1 har & distinkt regimgifte skett1999.Under
den forsta regimen, fran 1960 11999 paverkae hypoxi stoa omraden och volymemedan
anoxi enbart paverki mindredjupomradenEfter regimskitet 1999har andelemypoxi och
anoxiforhojtstill nivaer somaldrig tidigare observetsi Ostersjos djupvatten.

Utbredningen av bottnar paverkade av anoxii magdeltalokat fran 5%av Egentliga
Ogersjons(inklusive Finga viken och Rigabukterjottenareaill 15%, i och med regimskiftet
d.v.s. mecenfaktor 3. Utbredningen av hypoxi harcksaokat fran 2% till 28% d.v.s. mean
faktor~1.3.

Den stdrsta utbredningen amoxi 18%,i Egentliga Ostersjérobserverades 20@&chden
storstapaverkadevattervolymen 10%, noteradef001.

Utvecklingen i Ostersjomed fortsatt extrema syreférhallandsfter regimskiftebch dess
orsaker octkonsekvenser for Ostersjons ekosystem ar idag intélaethgd Det finns
emellertidflera troliga orsaker som kaamverkaségsom; forandrade vindforhallanden,
forandrad frekvens och karaktaristikiafloden 6kad belastning av organiskt material till
djupvattnet, férandrad vertikal ombidming samtskiktning ochéndradtillrinning till Ostersjon.

Historiskt sa har syreférhallande®stersjon undersakt detalj och de flesta processbéde

fysiska och kemiska finns beskrivna. Men utvecklingen under-28160ar alarmerande och

mage noggrant undersokas. Utbredningen och volymen av hypoxi har idah é2@agligen

natt den 6vre gransen for vad som ar fysiskt mojligt med den permanenta skiktning som finns i
OstersjonDe anoxiska forhallanderkan dockfortsatt 6ka om deneagativautvecklingen

fortsatter vilket ytterligare karférvarradvergddningsproblematiken i Ostersjon d& mer fosfor
kanfrigoras fran bottnar som tidigare varit syresatta.



Table of contents

1 BACKGROUND ... 1
2 DA T A 3
3 METHOD . 4
4 RE S UL T 5
5 DISCUSSION.. .. 8
6 CONCLUSIONS. ... e 10
7 ACKNOWLEDGEMENT ..ottt 11
8 REFERENCES. ... .o e 11

APPENDIX 17 DISSOLVED OXYGEN, SALINITY AND DISSOLVED
INORGANIC PHOSPHOROUS IN THE EASTERN GOTLAND BASIN, STATION
BYL5, 1960-2011......ccceeiiiieiiiiiiee ettt anne 13

APPENDIX 27 CLIMATOLOGICAL ATLAS OF ANOXIC AND HYPOXIC
AREAS IN THE BALTIC SEA, 1960-2011. ......ccciiiiiiiiiiieiee e 13






1 Background

Oxygen is essential to sustain the life of higher organisms, includingritsimvertebrates
living in aquatic habitats. The exchange between atmosphere and the ocearntcyethee
with phytoplankton photosynthesi®rmally make the ocean surface layer saturaitdd
oxygen The dissolved oxygen in the surface layer is mixediffused into the lower water
column wherat is consumed by organisms, especially by microorganisms. When oxygen
supply to the deep layersrisduceddue to stratification oif there is ahigh consumption rate,
oxygen concentrations become dégde

Hypoxia isa condition that occunshen dissolved oxygen falbelow the leveheededo
sustainmost animal lifeThe concentration at which various animals are affected varies, but
generally effects start to appear when oxygen doepsy2.8-3.4 ml/l (4 4.8 mg/l) and acute
hypoxiais usually defined betweeh4i 2.1 ml/l (23 mg/l) [Rabalais, 2001; Diaz &
Rosenberg, 1995; Aertebjerg et al. 2008has also been shown that Baltameggs neeat
least 2ml/l oxygenfor successfutlevelopmentfMacKenzie et al., 200MNissling, 1994

Plikshs et al., 1993J.S. EPA, 2003; U.S. EPA, 2008wedish EPA, 20Q7In this report the
limit for hypoxiais setto 20 ml/l.

Anoxic conditions are the state of oxygen depletion with total abs#rme/gen.Whenall

oxygen is consumeloly microbial processes hydrogen sulphide is formed, which is toxallfor
highermarine life.Anoxic conditions leadio release of phosphaa@d silicatdrom the

sediments to the water colupwhich due to vertal mixing, canreach the surface layand

the photic zoneHigh concentrations of phosphdiéeour phytoplankton growthespecially
cyanobaatria in the Baltic Seduring summerThis phenomenooouldclearly be sen after

the inflow 2003 wherintermediatevater was mixed into the surface layenoBphate
concentrationin the Northern and Western Gotland Basin during early 2004 were elevated to
levels never observed before in the surface water of the Baltic HR{MeArgos cruise
reports,SMHI 2004.

The oxygen conditions in the deep water of the Baltic Sea are strongly influenced by inflows of
saline oxygenated water from the Skagerrakthedattegat. These inflows are limited by

narrow and shallow sills in the Little and Great Baltd the Sound. Qynlarge inflows, which

occur sporadically due to certain oceanographic and meteorological conditions, are able to
renew the deep water of the central Baltic Proper. Inflowing deep water propagates through the
Arkona Basin and reaches the Bornholm BasiheWthis basin is filled the deep water

continues along the Slupsk channel into the Eastern Gotland Basin, propagating counter
clockwise around the Gotland island to the Western Gotland Besirrigure 1. As deep water
flows into the central parts dfi¢ Baltic Proper, salinitgecreases due to mixirgdthe
oxygenconcentration decreasdue toboth mixing and consumptiorHowever, conditions in

the deep basins improve and the amount of oxygen inat@dseincrease varies depending on
both theoxygen content anthe salinity of the inflowing deep wateand thepresenbxygen
situationin the different deep basins.

As the initial effect of major inflows leads tlacreasing oxygen concentrati® it also cause
increased stability of the stratification due to high salinity and low testyoer,consequently
followed by decreased vertical mixing and stagnation of the deep water. However, in the deep
basins of the Baltic Proper, oxygen concentragiusually increase during the later phase of a
stagnation period. This increase is caused by intensified advection at intermediate depths and
by increasing vertical exchange as the stratification becomes weeksel et al., 2005
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Figure 1.Bathymetry of the south Baltic Sea and pathway of inflowing deep water during inTlbe/s
Baltic Prgper includes the Arkona Basithe Bornholm Basirthe Gulf of Gdanskandthe Eastern,
Western and Northern Gotland Basjronselius, 1995]

The pemanent halocline is located at a deptlalbdut60-80 metessin the main part of the
Baltic Proper. During wintertime when the thermochlmeakens the upper layer becomes well
mixed and oxygenated down to the halocline. This sets the upper limiefardhl extent and
volume of hypoxia and anoxisee Figure 2.
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Figure?2. Principle sketch of the stratification in the Baltic Proged the general oxygen concentration
during recent years

In the central and northerragis of the Baltic Proper the oxygen situation in the deep water
below the permanent haloclinis,relatively stable throughout the year. In the southern parts,
however, there is a clear annual cycle in the oxygen concentration in the deep wateheue to t
direct effect of inflows and a smaller volume of deep water compared to the central and
northernbasins see Figure3. Since the oxygen situation is most severe during autumn (August
October) this period has been chosen in the analysis ofréed axtent and volume of hypoxia
and anoxia.
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Figure3. Annual cycle of oxygen in bottom water at the stations BY2 in Arkona (left) and BY15 in the

eastern Gotland Basin (right). 10 year mean (solid line) and measurements during 2010 (dots)nHydroge

sulphiderecalculated tmegative oxygen. Limits for hypoxia (8l/l) shown as a dashed line and anoxia (0
ml/l) as a solid line[R/V Argoscruise reportDecembef010]

In this report a time series of thettomarealextentanddeepwater volumeof anoxic and
hypoxicautumn conditionsf the Baltic Properincluding the Gulf of Finland and the Gulf of
Riga, arepresented for the period 1960 tal20The report includes maps of bottom areas
affected by oxygen deficiencies which can be used as atological atlas describing the
historical development and the present oxygen situation in the Baltic Proper.

2 Data

Oxygen measuremenfrom the Baltic Sea are available from the 3%t are sparse and also
uncertain due to theeasuringechniqugFonselius1995] Since 19020 presentoxygen has
been measured usihgsically the same method,ivKler titration [Grasshoff 1999. Hydrogen
sulphide is measured using colorimetric determination asytee#blue and has in this
analysis been recalctéal to negative oxygen [Fonselius, 1969].

Until the 195@ thereareonly a few sampling occasions each year, héimeree arenot enough
data to generate distribution maps of the oxygen situation.

During the1960s and.97Gs, the quantity, gality and spatial distribution of oceanographic data
improved. Much a result of the initiatives taken during the International Baltic Year (IBY)
19691970, which main objectivwasto investigate the deterioration of the oxygen conditions
in the Baltt Sea. Due to the success of the IBY it was recommended at the conference in
Helsinki in 1970 the voluntary continuation of the IBY programme for the following years.

In 1974, the Helsinki Commission (HELCOM) was formed and the IBY programme was
followed by the Baltic Monitoring Programme (BMP) in 1979. To harmonize the different
programmes into a common structure, the Cooperative Monitoring in the Baltic Marine
Environment (COMBINE) was instituted in 1992. This included a manual defining the
contributionmade by all contracting parties and regulates all measuring methodsvagsd
further has improved the data qualityeistel et al., 2005;IELCOM, 2010]

For the period 1960 t201Q the analysis is based data from thdCES Dataset on Ocean
Hydrography. Althoughresults from the 19&0are presented in this report it should be noted
that he amount and spatial distribution of data availaloédow during some years. The

' |CES Dataset on Ocean Hydrography. The International Council for the Exploration of the Sea,
Copenhagen 2009
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available datareconcentrated to theouthern and western Baltic Proper. Durd®$1 and
1967, questionable data were found and were filtered out, which resulted moteampling
at allwere found irthe Gotland bsins and the Gulf of Finlandpakingthe results uncertain.
Hence, hese years has been excluded from the $anes

The resuls for 2011 are based on dateom SMHIs own cruisgerformedwithin the national
monitoring programme ardhta from the annuatock assessmerBaltic International
AcousticSurvey(BIAS) cruise with contributionfrom Latvia, Lithuania,Germanyand Poland.
Resultsfrom 2011are preliminary, and has been subject to initial quality control only (quality
assured laboratory procedures; timing @osition checks; range checking). The time series
and the values presented &i¥11will be updatedvhenadditionaldataarereported to ICES in
2012.

Data from he BIAS cruiss arewell suited for concurrent oxygen surveys becafdbe vast
spatial distribution of sampling occasions and since cruises are performed during September
and OctoberHence an essential contributiosf oxygen dat@omplementingheregular
nationalmonitoringperformedmonthlyat fixed stations

3 Method

To process the dataset and perform calculations a few station profiles had to be filtered out: for
example when data was missing in the deep water or when questionable data were found.

For theannualautumn period, August to October, eaehtical profile including at least three

data pointswas examined for the occurrence of hypgxia ml/l) and anoxig<0 mil/l). To find

the depth of the onset of hypoxia and anaxiaach vertical profileinterpolation between

discrete measaments in the profile wassed. If the depth of hypoxia or anoxia vesfound

in the profile the two deepest measurements in the profile were used to linearly extrapolate the
oxygen concentration down towards the bottom.

The depths of the onset of hypoxia and anoxia \geadeled with linear interpolation (Delaunay
triangulation) beween sampling stati@nproducing a surface representing the depth at which
hypoxic and anoxic conditions are found. The surfaxgthenbeencompared with bathymetry
data[Seifert, 2001 to exdude profiles were the hypoxic and anoxic depths were greater than
the actual water deptifter filtering of theresults the affected area and voluroEhypoxia

and anoxidave beeralculated for each year.

Areal extent and volugs are presented in relation to the area and volume of the Baltic Proper,

includingthe Gulf of Finland and the Gulf of Riga according to thelsakinscommonly used
[Fonselius, 1995]
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4 Result

The areal extent and volumes affected by hypoxia and adoxizg the period 19602011 are
presented ifrigures4 and5 respectivelyMaps presentingbottom areas affected by hypoxia
and anoxia durinthe autumrperiodcan be foundn Appendix2.

In the analysis of the results a distinct regshdt, starting in1999 has been identifiedsee
Figures 4-6.

From 1960 to the late 1990s anoxic conditions affedteaverage5% of thebottom areas
(corresponding to 2% of the volumie)the Baltic Proper, including the Gulf of Finland and the
Gulf of Riga Hypoxc conditions during this period affectad average22% of the bottom
areas (corresponding to 8% of the volume).Since the beginning of the 2000sth hypoxia
and anoxia haeincreasedAnoxic conditions are foundh average15% of the bottom &as
(corresponding t8% of the volumeand hypoxic conditions affect abol®% of the bottom
areas, which correspond 18% of thewater volumeSee Table 1.

The lottom areasf the Baltic Prope(including the Gulf of Finland and the Gulf of Riga)
affected by anoxic conditions have increased f88mbefore the regime shjfto 15% after,
i.e. by a factor 08. The extent ohypoxiahas increased from 22% t8%, i.e.by a factor of
~1.3 Thisincreaseleading tathe regime shiftis clearly seen in Figureapwhich shovg the
ratio between the areal extent of anoxia and hypoxia

To verify the regine shift asequential Ttest foranalysis ofregimeshifts (change point
detection ifmean level)[Rodionov, 2004has beemised on the data sseeFigure &. Nor+
zerovalues of the rsindexindicate regime shift poinsnd a regime shift can be seearsng
in 1999.

Table 1.Mean areal extent and volume of anoxia and hypoxia before and after the reginalshifited
as part (%) of the area and wale of the Baltic Proper, including the Gulf of Finland and the Gulf of
Riga.

in % 19607 1998 1999i 2011
Hypoxi Anoxi Hypoxi Anoxi
MeanAred extent 22 5 28 15
Max Ared extent(Year) 27 (1968) 14 (1969) 32(2007) 18 (2005)
MeanVolume 13 2 18 8
Max Volume(Year) 19 (1965) 8(1969) 20 (2010) 10(2001)

Excluding data from 2011 which are prelimig, helargest areal extent of anox&8%, was
recorded in 200korresponding tawater volumeof 9%, while the largest volume of anoxia
10%,occurred in 200,laffecting1 7% of the area

Still excluding 2011 ,He areal extent of hypoxia has since 1993 increaseddbmut9% to

32% in 200r. The widespread hypoxia during®0 the largest noted, corresponds to a water
volume of one fifth (20%pf the investigated are@he discrepancypetveen the largest noted
areal extenand volumes due to the fact that different areas, with different hypsographic
conditions are affected
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Figure4. Areal extent of anoxiand hypoxt conditionsin the Baltic Proper, Gulf of Finland drGulf of
Riga.Results from 1961 and 1967 have been removed since sufficient data from the deep basins are
missing.
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Figure5. Volume of anoxicand hypoxicdeep watem the Baltic Proper, Gulf of Finland and Gulf of
Riga.Results from 1961 and 196ave been removed since sufficient data from the deep basins are

missing.
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Regime shift detection
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Figure 6.a) Top: Ratio betweemrealextent of anoxic and hypoxa@onditions.b) Bottom:Analysis of
regimeshifts. Length of analysis windoL)=3, significance (p)=0.Q (90%),Huber weight parameter for
outliers(h)=1.0[Rodionoy 2004] A regimeshift has been identifiedstarting in 1999

Report Oceanography No. 42, 2011 7



5 Discussion

Both the intensity and frequency of major Baltic inflows have decreased considerably since the
mid 1970s and large inflows have been totally absent dioigperiods since the 1980%e
Figure7. This decrease in inflows can most likely be conntbevariations in atmospheric
conditions andncreased zonal circulation, which results in both more precipitation and
increasd river runoff [Feistel, 2005].Long periods of easterly winds, which is needed to lower
the sea level in the Baltic Sea andritiate an inflow, have been absent and the prevailing
windshave remained westerly during mosinters. Steady westlrwinds and ncreased
freshwater suppliteepthe sea level high in the Baltic Sea whpreventsnflows. As the

outflow of low saline water from the Baltic Sea increstbe salinity in the Kattegat decrease
Owing to that, when inflows do occur, the salinity of inflowimgteris too low. Hence the
wateris notdenseznough to renew the bottom wat@eier & Kauker, 2003]

Intensity of inflows to the Baltic Sea, 1960-2010
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Figure7. Index of inflows to the Baltic Sea, 19@011. From Fischer, H., Mattus, W. 1996 &
Matthaus, W., Franck, H. 1992. Revised and updated.

Before the regime shift in 1998uring the stagnation period in the 1980s and 1990s, oxygen
conditions improveds thestratification beameweaker.This process, which could be

expedted in the 2000s, has not been seen since the inflow in 1993. Both anoxic and hypoxic
conditions have remained on a steady enhanced level. A hypothesis is that the frequency of
small and mediunhoth barotropic antaroclinic inflows which generallyare found at
intermediate depthclose to the haloclinia the central Baltic Proper keeps the stratification
strong preventing the exchange between the oxygenated surface layer and the oxygen depleted
deep wateWarm water inflow(containing les®xygen than coldjiuring theautumnsummer
period as described already for 2JB2istel 2005],seensto be an indication of a new trend in
the long term behavior of the Baltic S&aroclinic summer inflows can also contain water

with exceptionally highemperature which further enhances microbial oxygen consumption.
[Feistel, 2005.

During 2004 and 2005 no no¢abk inflows occurred. In 2006 a baroclinic inflow of warm

water occurred during the summer which improved oxygen levels in the Eastern Gotland Basin
to above 0 ml/l for a short period in 2007. After 2006, several minor inflowsthkea place
improving the oxygen situation in the Arkona Basin and parts of the Bornholm Basin. These
inflows have settled at intermediate depths in the central Baltic Proper and have not affected
the deep wateiThis is demonstrated igure 8, whichshows the temperature, salinity and

oxygen concentration 240 meters depth &Y15 situated in the eastern Gotland Basin.

figure of the whole water columat BY15can be found in Appendix 1.
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Figure8. Temperature, salinity and oxygen at BY15, 1:2601. See also Appendix 1 for the
whole water column including phosphate.
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